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Axonal outgrowthdevelopment are tightly regulated and the underlying mechanisms have to be
transcriptionally well controlled. Here we present evidence that the transcription factor Zfh1, the Drosophila
member of the conserved zfh1 gene family, is important for different steps of neuronal differentiation. First,
we show that late larval expression of the neuropeptide FMRFamide is dependent on correct levels of Zfh1
and that this regulation is presumably direct via a conserved zfh1 homeodomain binding site in the
FMRFamide enhancer. Using MARCM analysis we additionally examined the requirement for Zfh1 during
embryonic and larval stages of motoneuron development. We could show that Zfh1 cell autonomously
regulates motoneuronal outgrowth and larval growth of neuromuscular junctions (NMJs). In addition, we
ﬁnd that the growth of NMJs is dependent on the dosage of Zfh1, suggesting it to be a downstream effector of
the known NMJ size regulating pathways.
© 2008 Elsevier Inc. All rights reserved.IntroductionDuring neuronal morphogenesis, events like axonal outgrowth,
target recognition, synapse formation or the expression of neurotrans-
mitters have to be regulated in a highly orchestrated manner. Even
after the formation of neuronal circuits, neurons keep their plasticity
to be able to adapt to altered activities. The underlying molecular
fundament for all of these processes lies within the coordinated and
dynamic expression of speciﬁc genes. To fully understand neuronal
development and plasticity it is therefore crucial to decode the
regulation of neuronal gene expression during all stages of develop-
ment. Drosophila as a model organism has extended our knowledge of
molecular and genetic interactions during neuronal development. For
example, analyzing the establishment of motoneuronal synaptic
muscle contacts and their growth allowed the characterization of dif-
ferent aspects of morphogenesis as well as synaptogenesis and
plasticity (neuromuscular junctions (NMJs), Featherstone and Broadie,
2000; Prokop, 2006; Schuster, 2006). As a result we have a good un-
derstanding of motoneuronal growth and of the structural compo-
nents necessary for neuronal transmission. Mechanismswhich govern
synaptogenesis are tightly regulated pre- and postsynaptically by
different signaling pathways (e.g. Wingless (Packard et al., 2002),
TGFβ (McCabe et al., 2004), CaMKII (Haghighi et al., 2003) and JNK
(Collins et al., 2006)). Part of this differentiation process is the assem-l rights reserved.bly and accumulation of structural proteins, ion channels or trans-
mitter vesicles, which make up the new synapses. However, the con-
trol of these processes at the transcriptional level is not satisfyingly
understood and the list of described transcription factors known to
play a role in postembryonic motoneuron development is still rather
short (for review, see Prokop and Meinertzhagen, 2006).
Transcription factors of the zincﬁnger homeodomain-1 (zfh1) family,
SIP-1/Zfh1 are expressed in the developing CNS of vertebrates and
invertebrates (Clark and Chiu, 2003; Lai et al., 1991; Liu et al., 2006).
With respect to nervous system development, in mice a SIP-1 knock-
out affects differentiation of neural crest cells and speciﬁcation of the
neuroepithelium (Van de Putte et al., 2003). In Drosophila, it was
shown that loss of zfh1 prevents motoneurons of the segmental nerve
(SN) to exit from the ventral nerve cord (vNC), whereas ectopic zfh1
induces a mistargeting of the motor axons (Garces and Thor, 2006;
Layden et al., 2006). Additionally, zag-1, the C. elegans homologue of
zfh1, has been shown to be required for axonal differentiation and
the correct projection of neurons (Clark and Chiu, 2003; Wacker et al.,
2003), which indicates a conserved role for zfh1 family genes during
neurogenesis. So far, functional analysis of Zfh1 in mouse and ﬂies has
been restricted to the embryo because zfh1 null alleles are embryonic
lethal with developmental defects in neural and mesodermal tissues.
As zfh1 is expressed in neurons during larval stages as well, we were
interested to see whether zfh1 is also necessary for the function of
these cells during postembryonic development. We could show that
zfh1 regulates the larval expression of the neuropeptide FMRFamide
(FMRFa, Schneider et al., 1991) and that zfh1 is differentially required
Fig. 1. Tv neurons (Tv) and the neurohemal organs (DNHs) coexpress Zfh1. (A–A‴) Late
larval expression of FMRFa (green) is found in DNHs, each consisting of two cells (A, A′)
and in the Tv neurons (A, A′, A‴). Both show nuclear Zfh1 staining (magenta, black
arrowheads in panel A′ andwhite arrow in panels A′ and A‴). Anterior is up in all panels.
79G. Vogler, J. Urban / Developmental Biology 319 (2008) 78–85for the axonal outgrowth of different motoneurons, complementing
already published data on zfh1 (Layden et al., 2006).Most interestingly,
we discovered that inmotoneurons Zfh1 is regulating proper growthof
neuromuscular junctions in a cell autonomous and dosage-dependent
manner. Thus, we identiﬁed Zfh1 as a new factor which participates in
the transcriptional regulation of synapse formation and function
during motoneuron development.
Materials and methods
Fly stocks and genetic interaction studies
The following ﬂy strains have been used in this analysis: FRT82B, zfh15 (from Z.C. Lai,
Lai et al., 1993), PWFE17 (from P. Taghert, Benveniste and Taghert, 1999), OK371-Gal4
(fromH. Aberle, Mahr and Aberle, 2006), OK6-Gal4 (from B.McCabe, Aberle et al., 2002),
c929-Gal4 (from P. Taghert, Hewes et al., 2003), apterous-Gal4 (from J. Thomas, O'Keefe
et al.,1998), hsﬂp122 (fromA. Kopp, Kopp et al.,1997),witA12 (fromM. O'Connor,Marques
et al., 2002), and zfh1865, UAS-lacZNLS, UAS-zfh1, UAS-zfh1ΔCID, FRT82B, Madk00237 and
elavC155-Gal4, hsﬂp1, UAS-mCD8::GFP; FRT82B, tubP-Gal80 (all from Bloomington stock
center).
For genetic interaction studies of zfh1 and the TGFβ signal transduction pathwaywe
compared FMRFa expression in Tv neurons of Madk00237, zfh15 and witA12, zfh15 trans-
heterozygotes with singlemutants of each gene and the size of neuromuscular junctions
in Madk00237 and zfh15 transheterozygotes and single mutants.
Generation of MARCM motoneurons
To generate wild type and zfh1 mutant clones, elavC155-Gal4, hsﬂp1, UAS-mCD8::
GFP; FRT82B, tubP-Gal80 females were crossed to hsﬂp122; FRT82B or hsﬂp122; FRT82B,
zfh15/TM6b males. Embryos were collected for 2 h and allowed to develop for another
3 h at 25 °C (stage 6–10), followed by heat-shock treatment for 1 h at 37 °C. Embryos
were then kept at 25 °C for at least 18 h until they became ﬁrst instar larvae. These were
transferred into yeast-enriched blue instant medium (Carolina Biological Supply) and
reared until late 3rd instar. Only female wandering larvae were dissected to ensure a
high number of clones.
Immunohistochemistry and image acquisition
Larval nervous systemswere dissected in 1× phosphate-buffered saline (PBS, pH 7.4)
and ﬁxed for about 1 h in 4% phosphate-buffered formaldehyde. For ﬂat preparations,
larvae were dissected in electrophysiological phosphate buffer (Broadie and Bate, 1993)
on Sylgard covered plates using microscissors and insect needles. For ﬂat preparations,
third instar wandering larvae were cut along the ventral midline (MARCM: cut along
dorsal midline), ﬁxed for 45min in 4% formaldehyde in PBS and for at least 1 h incubated
in PBS containing 0.3% Triton X-100 (PBT-X). Antibodies used were rabbit anti-FMRFa
(from P. Taghert, Schneider et al., 1993) at 1:1000, mouse anti-Zfh1 (from Z.C. Lai, Lai
et al.,1991) at 1:250, rabbit anti-Zfh1 (from R. Lehmann) at 1:2000, guinea-pig anti-Zfh1
(from J. Skeath) at 1:1000, rabbit anti-Medea (from L. Raftery, Sutherland et al., 2003) at
1:1000, rabbit anti-Discs large (from U. Thomas, Woods and Bryant, 1991) at 1:1000, rat
anti-mouse CD8a (Caltag Laboratories) at 1:10, rabbit anti-β-Gal (Cappel) at 1:2000 and
mouse anti-β-Gal (Promega) at 1:750. Fluorescently labeled specimens were mounted
in Vectashield (Vector Laboratories) and confocal images were captured using a Leica
TCS SP2.
Results
Zfh1 regulates FMRFa expression in the larval ventral nerve cord
Awell-characterized set of thoracic neurons (Tv neurons) and a few
more cells of the larval brain and ventral nerve cord express the neu-
ropeptide FMRFa, with expression starting at embryonic stage 17
(Schneider et al., 1991). The Tv neurons innervate the dorsal neuro-
hemal organs (DNHs) which also show strong anti-FMRFa immunor-
eactivity. The process which leads to the onset of FMRFa expression in
the Tv neuron is well understood (Allan et al., 2005; Baumgardt et al.,
2007) and is regulated by several transcription factors and TGFβ
signaling within this cell. Zfh1 has not been reported to be involved in
this process but when we stained for Zfh1 expression we found that
both the Tv neurons and the DNH express Zfh1 (Fig. 1). This suggested
that zfh1 could be necessary for FMRFa expression. To test this
hypothesis we ﬁrst analyzed the embryonic lethal zfh15 allele for
FMRFa expression. This mutant shows severe mesodermal defects (Lai
et al., 1993) and misprojection of ventral motoneurons (Layden et al.,
2006), but the number of neurons and glia as detectable by markergene expression shows no difference to wild type (Layden et al., 2006
and our own observations). In addition, no obvious increase in neural
cell death is detectable in the embryo (A. Rogulia-Ortmann, pers.
comm.). Unfortunately, wewere not able to robustly stain for FMRFa in
stage 17 of zfh15 homozygous mutant embryos since they start to lose
tissue integrity before FMRFa can be detected by immunostaining.
However, when we looked at zfh15 heterozygotes we found a slightly
reduced number of FMRFa-expressing Tv neurons as compared towild
type (Table 1). This phenotype is further increased in specimens of the
hypomorphic allele zfh1865 which is a P-element enhancer trap line
with an insertion into the 5′ region of the zfh1 gene (Justice et al.,1995).
Such homozygous animals show a variable lethality during larval and
pupal stages (own unpublished observation). When we stained for
Zfh1 in these larvae we found hardly detectable levels of Zfh1 in the
ventral nerve chord (vNC) but normal levels in the DNH (Fig. 2C″). This
suggests that the P-element insertion interfereswith the tissue speciﬁc
regulation of zfh1 within the vNC. As a consequence, we observed a
loss of FMRFa in a variable number of Tv neurons of late larval vNCs
(Table 1, Figs. 2A, B). Because zfh1 is expressed in both, the Tv neuron
and the mesodermally derived DNH, the reduced FMRFa expression
could reﬂect a loss of Zfh1 functionwithin the Tv neuron but could also
be due tomisspeciﬁcation or developmental defects of the DNH (Allan
et al., 2003; Gorczyca et al., 1994). To distinguish between these two
possibilities we analyzed the affected neuromeres for the presence of a
virtually normal DNH.We identiﬁed this organ in twoways, namely by
its residual FMRFa immunoreactivity and the endogenous Zfh1 protein
expression in hypomorphic zfh1865-larvae (Figs. 2C′, C″). In this
analysis we found many cases of zfh1-mutant Tv neurons showing
no FMRFa expression but with some residual FMRFa in the Zfh1-
positive cells of the corresponding DNH which do not differ mor-
phologically from wild type. Even in the absence of FMRFa, DNHs can
be identiﬁed as a pair of dorsally located cells which express Zfh1 at a
high level. We therefore conclude that zfh1 has a presynaptic role with
respect to FMRFa expression in the Tv neurons.
To exclude the possibility that the loss of FMRFa could be due to
apoptosis of Tv neuronswe expressed nuclear β-Gal using the apterous
(ap)-Gal4 line in a zfh1mutant background. This line expresses Gal4 in
a lateral cluster of cells (Apterous-(Ap)-cluster) which consists of four




neurons positive for anti-dFMRFa or Tv-speciﬁc FMRFa-reporter expression in wild type and different mutant backgrounds
anti-dFMRFa Tv-lacZ (PWFE17)
+/+ zfh15/+ zfh1865/zfh1865 PWFE17; + PWFE17; zfh1865/zfh1865 PWFE17; apNzfh1
T1v 73/74 (99) 75/96 (78) 13/66 (20) 25/26 (96) 0/24 (0) 0/14 (0)
T2v 73/74 (99) 89/96 (93) 31/66 (47) 26/26 (100) 4/24 (17) 1/14 (7)
T3v 74/74 (100) 96/96 (100) 35/66 (53) 26/26 (100) 14/24 (58) 2/14 (14)
Total 220/222 (99) 260/288 (90) 79/198 (40) 77/78 (99) 18/72 (25) 3/42 (7)
Given are the numbers of anti-FMRFa- or anti-βGal-positive Tv neurons of scored hemisegments of the ﬁrst (T1v), second (T2v) and third (T3v) thoracic segment. The percentages are
noted in parentheses.
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levels of Zfh1 protein compared to the others (data not shown). The
number of cells in the Ap-cluster is unchanged in a zfh1865 background
and the nuclei of the Tv neurons have a normal integrity, although
FMRFa is strongly reduced or absent (Fig. 2D). We therefore conclude
that the loss of FMRFa in the Tv neurons is not a consequence ofFig. 2. FMRFa expression in Tv neurons depends on correct levels of Zfh1. (A, B) Late
third instar larval CNS stained for FMRFa. Wild type CNS (A) shows the normal pattern
of FMRFa expression (arrows), whereas in zfh1865 (B) FMRFa expression in the Tv
neurons is sometimes present (arrows), frequently reduced (arrowheads) or absent
(asterisk). (C′, C′) DNHs (outlined, green) of zfh1865 still have Zfh1 protein (arrows, ma-
genta) but no FMRFa-positive projection from the Tv neuron can be detected (asterisks).
(D) Lateral cluster of Ap+neurons labeled by expression of β-Gal (magenta) using ap-
terous-Gal4 in a zfh1865 mutant background. Shown are thoracic hemineuromeres of T2
and T3. β-Gal-expressing nuclei of Tv neurons are present and intact evenwhen FMRFa
(green) is strongly reduced (arrow inT2) or absent (arrowhead inT3). Typically, four cells
are labeled. A fourth cell in segment T2 is out of focus. Overexpression of Zfh1 using ap-
Gal4 abolishes FMRFa in Tv neurons (asterisks, E). These neurons are still present as
indicated by coexpression of CD8 (green, F′) and high levels of ectopic Zfh1 (blue, F′, F′).
In some cases, Zfh1-positive (blue) DNHs (outlined) have residual FMRFa (red, G′, G′),
Anterior is up in all panels.apoptotic cell death but must be a regulatory defect due to loss or
reduced levels of Zfh1 activity. In addition, we tried to rescue FMRFa
expression in zfh1865 hypomorphic mutants by reexpressing zfh1
speciﬁcally in the Apterous-positive neurons using ap-Gal4. Although
there are elevated levels of Zfh1 protein in the Ap-cluster we do not
ﬁnd FMRFa in these neurons (data not shown) which would argue
against a neuron-autonomous function of zfh1. However, these larvaeFig. 3. A Tv neuron speciﬁc FMRFa enhancer is susceptible to altered levels of Zfh1. (A)
The 500 bp FMRFa minimal enhancer (PWFE17, Benveniste, 1999) contains a conserved
Zfh1 homeodomain binding site. (B–D′) Larval brains expressing β-Gal (magenta) under
the control of this enhancer. All Tv neurons express β-Gal in an otherwise wild type
background (B), whereas β-Gal expression is reduced or lost in zfh1865 mutants (C, C′
^
).
The broad background expression of nuclear β-Gal (weak magenta-positive nuclei in
panels C, C′
^
) is due to the fact that zfh1865 is a PPZ lacZ-enhancer trap insertion. (D)
Overexpression of Zfh1with ap-Gal4 leads to a downregulation of β-Gal. (D′) The cells of
the Ap-cluster are still present (arrowheads) as shown by anti-CD8 staining (green).
Anterior is up in panels B–D.
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alone and died during ﬁrst instar. Thus, it could be that the correct
timing and/or dosage of zfh1 expression is important for its correct
function. This is supported by the fact that overexpression of zfh1 in Tv
neurons using ap-Gal4 in an otherwise wild type background also
leads to a repression of FMRFa in the vNC of ﬁrst instar larvae (Fig. 2E).
Similar to the overexpression in the hypomorph, these larvae are
developmentally arrested and die during ﬁrst instar. We observed
repression of FMRFa and lethality also with other Gal4 lines (c929-
Gal4, OK6-Gal4)which (among other cells) also drive expression in the
Tv neurons. The repression of FMRFa is not due to cell death, since Tv
neurons can still be identiﬁed by colabelling with mCD8::GFP and
strong ectopic Zfh1 staining (Figs. 2F′, F″). However, in some cases
there is residual FMRFa immunoreactivity in the neurohemal organ
(Figs. 2G′, G″), which indicates initial FMRFa expression in the Tv
neuron at an earlier developmental stage.
Since Zfh1 has a binding domain for the transcriptional corepressor
CtBP (Postigo and Dean, 1999), we next tested whether this cofactor is
involved in the observed dosage-dependent repression of FMRFa. For
this purpose we repeated the overexpression experiments by using a
mutated version of Zfh1which lacks the CtBP binding domain (Postigo
and Dean,1999). Although larval lethality was greatly reduced, ectopic
Zfh1 still repressed FMRFa (data not shown). We conclude that the
levels of Zfh1 protein in the Tv neurons are crucial for maintaining
FMRFa expression, and that the repressing activity at experimentally
induced high levels of Zfh1 does not rely on CtBP.
Furthermore, our results suggest that the FMRFa gene could be a
direct neural target of Zfh1. Recent work has already identiﬁed a Zfh1
binding site in the enhancer of the even-skipped (eve) gene necessary
for Zfh1-mediated eve regulation during cardiogenesis (Su et al., 1999).
We identiﬁed this binding site also in a FMRFa minimal enhancer
fragment which drives β-Gal speciﬁcally in the Tv neurons (PWFE17,
Benveniste and Taghert, 1999, Figs. 3A, B). This enhancer fragment
contains three homeodomain binding sites which altogether are
necessary for a robust reporter gene expression in the Tv neurons
(Benveniste et al., 1998). Deletion of the site containing the Zfh1-
binding consensus sequence leads to a slightly decreased expression in
ﬁrst instar larvae and seems to be dispensable for the early initiation of
the reporter gene (Benveniste et al., 1998). To test whether the activity
of the enhancer fragment is indeed zfh1-dependent we analyzed the
expression of the reporter gene in genetic zfh1 loss and gain of functionFig. 4. Zfh1 is expressed in larval motoneurons and able to promote NMJ growth. (A) Coloca
speciﬁc Gal4-line OK371. Two different focal planes of one larval neuromere are shown (A, A′
larval neuromuscular junctions of muscles 1 and 9 inwild type (B), zfh1865 (C) and after moto
Zfh1 hypomorphs have smaller NMJs (C), whereas overexpression of Zfh1 causes an increas
dotted line).backgrounds. In the zfh1865 hypomorphic situation we observed a
downregulation of the β-Gal reporter in late larval stages, similar of
what we have seen for the endogenous FMRFa expression (Table 1 and
Fig. 3C). This already indicates that the enhancer construct is sensitive
to lowered dosages of Zfh1. Likewise, overexpression of Zfh1 in the
lateral Ap-cluster completely abolishes reporter gene expression in
ﬁrst instar larvae, although the cells of the cluster are still present
(Table 1 and Figs. 3D, D′). Taken together, we assume that Zfh1 directly
regulates FMRFa by binding to its enhancer and therefore identiﬁed
FMRFa as a ﬁrst candidate gene to be a direct neural target of Zfh1.
Zfh1 is cell autonomously required in motoneurons to regulate the
growth of larval neuromuscular junctions
Another group of neurons in the embryonic CNS which express zfh1
are motoneurons (Lai et al., 1991). Very recently it has been shown that
zfh1 is necessary for proper outgrowth and/or targeting of certain
motoraxons (Garces and Thor, 2006; Layden et al., 2006). The levels of
Zfh1 expression in motoneurons remain high until the end of em-
bryogenesis and thus wewonderedwhether it is also expressed in later
stages and may have a function in the development of larval moto-
neurons. We used of the motoneuron-speciﬁc Gal4 line OK371 (Mahr
and Aberle, 2006) and expressed nuclear β-Gal together with mem-
brane-bound mCD8::GFP to check for coexpression with Zfh1 in late
larval vNCs. We found that motoneurons indeed maintain Zfh1
expression throughout larval development and all labeled cell bodies
showed zfh1 expression at various levels, similar to what was found in
the embryo (Fig. 4A). This suggests that Zfh1 might not only be needed
for proper motoraxonal outgrowth but could also be involved in later
aspects of motoneuronal development. Due to its speciﬁc expression in
motoneurons, it was an attractive possibility that zfh1 could be involved
in postembryonic growth and differentiation of neuromuscular junc-
tions. To test this hypothesisweﬁrst looked atNMJs of third instar larvae
of the hypomorphic mutant zfh1865 using the postsynaptic marker
Discs-large. When we compared the normalized ratios of bouton
number and muscle surface area of four different muscles (1 (DA1), 9
(DO1), 3 (DA3) and 4 (LL1)), all mutant NMJs had signiﬁcantly fewer
boutons compared to wild type (Figs. 4B, C; Table 2). Thus, NMJ
differentiation is obviously impaired after reducing zfh1 activity which
suggests that Zfh1 is involved in the regulation of postembryonic NMJ
size. Alternatively, NMJ growth could also be inﬂuenced by impairedlization of Zfh1 (magenta) and the reporter β-Gal/CD8-GFP (green) in the motoneuron-
dorsal, A′, A‴ ventral). Zfh1 is expressed in every motoneuron. (B–D) Size differences of
neuronal overexpression of Zfh1 with OK371-Gal4 (D) visualized with anti-Dlg staining.
e in NMJ size (D). Anterior is left in all panels. Dorsal is up in panels B–D, midline (ML,
Table 2
Dosage-dependent regulation of NMJ size by Zfh1
+/+ zfh1865 OK371Nzfh1
muscle 1 0,56±0,22 (54) 0,36±0,13 (46) 1,12±0,25 (22)
muscle 9 0,69±0,17 (53) 0,45±0,12 (46) 0,99±0,20 (23)
muscle 3 0,45±0,17 (49) 0,36±0,11 (44) 0,66±0,18 (25)
muscle 4 0,81±0,36 (23) 0,59±0,22 (46) 1,09±0,21 (25)
The numbers represent the normalized boutons per muscle surface area for four
individual muscles. Differences between wild type and each mutant have been tested
for signiﬁcance using the Mann–Whitney Rank Sum Test (all with pb0.001).
Numbers were calculated as n boutonsmuscle surface area ½Am2  d 1000. Number of muscles are noted
in parentheses.
Fig. 5. Analysis of Zfh1 function in motoneurons using MARCM. (A–F) Wild type and
mutant MARCM clones in late third instar larval vNCs (A) and their motoraxons (B–F).
Clones are labeled with anti-CD8 (green), neuromuscular junctions and body wall
muscles are stained with anti-Dlg (magenta). (A) The number of clones induced by
hsﬂp122 is very high and allows application of MARCM with an efﬁcient number of
motoneuronal clones generated. (B) Example of motorendings of a wild type VUM
neuron having type-2 boutons. (C) Type-3v motoneuron innervating muscle 12. (D)
MNSNb/dmotoneuron forming type-1s boutons on ventralmuscle ﬁeld. (E, F) Themotor
endings of the zfh15 mutant motoneuron innervating muscle 12 (arrow in panel F) are
signiﬁcantly smaller as compared to wild type (arrow in panel E). In wild type (E)
motoneuronal clones innervating muscle 4 (arrowhead) and muscle 5 (curved arrow)
are also labeled. Anterior is up inpanel A and left in panels B–F. Dorsal is up inpanels B–F.
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about one third smaller in size than normal (data not shown). However,
we did not ﬁnd Zfh1 protein in wild type body wall muscles of larval
stages (own unpublished observation), arguing against this possibility.
To additionally test for a cell autonomous function of Zfh1 in moto-
neurons, we decided to make use of the MARCM technique (Mosaic
Analysis using a Repressible Cell Marker, Lee and Luo, 1999). This
technique allows the analysis of motoneurons which completely lack
zfh1 in an otherwise wild type background. We induced zfh15 null
mutant motoneuronal clones using ﬂipase mediated recombination
(FLP/FRT system) during early neurogenesis. These clonal cells became
individually labeled by the loss of the Gal4-repressor Gal80 which in
turn allowed neuronal Gal4 (elavC155-Gal4) to drive the expression of
mCD8::GFP. We then analyzed the morphology of GFP-positive late
larval motoneurons and the NMJs they formed.
MARCM clone formationwas induced by giving heat shocks during
formation of embryonic neuroblasts (stage 8–10). This was necessary
because motoneurons are among the ﬁrst cells to be generated during
CNS development (Isshiki et al., 2001). Only when using hsﬂp122,
which has been reported to have a much higher activity than the often
used hsﬂp1 insertion (Luschnig et al., 2004), a multitude of clones was
produced in each vNC (Figs. 5A, 6). hsﬂp1 alone produced less than 0.5
clones on average in the vNC of each specimen. This enabled us to
generate a feasible number of clones of both wild type and zfh15
mutantmotoneurons and to analyze the frequency andmorphology of
MARCM labeled motoneuronal projections and the size of the
neuromuscular junctions they form (Figs. 5B–F, 6).
Having the reduction in the number of boutons in the hypomorphic
zfh1865mutant larvae in mind, we analyzed the motorendings of these
neurons. For the ISN, we obtained a high frequency of mutant neurons
innervating muscles 2 and 3. When we analyzed NMJs of muscle 3 in
detail, we detected signiﬁcantly fewer boutons in zfh15 mutants
compared to wild type (zfh15 9.4±2.8 (n=17) vs. wild type 13.1±2.6
(n=25); t-test, pb0.001). For the segmental nerves, we could conﬁrm
the embryonic outgrowth phenotype which is reﬂected by a reduced
number of motoneuronal clones as compared to wild type clones pro-
jecting via this nerve (Fig. 6, see Layden et al., 2006). This phenotype
did not allow the generation of enoughventralmutantmotoneurons to
compare the number of boutons on a speciﬁc ventralmuscle. However,
with respect to the size of individual NMJs we found a similar
tendency: despite a high variability in size zfh1mutant NMJs of ventral
motoneuronswere occasionally found to bemuch smaller than inwild
type (e.g. muscle 12, Figs. 5E, F). Thus, Zfh1 is cell autonomously
required for proper development and growth of larval NMJs. Because
we did not observe a reduction in muscle size when contacted by the
mutant motoneurons we could also conclude that the muscle pheno-
type in the hypomorphic zfh1 allele is not caused by reduced moto-
neuronal Zfh1 activity. Additionally, only motoneurons which form
type-1 synapses seem to be affected since we could not detect any
reduction inNMJ size or number of brancheswhenwe looked at type-2
or type-3v neurons (VUMneurons and leucokinin expressing neurons,
respectively; data not shown).We next asked if raised levels of Zfh1 can increase the number
of boutons of larval NMJs. Therefore we overexpressed Zfh1 spe-
ciﬁcally in motoneurons with OK371-Gal4 and analyzed the size of
late larval NMJs on muscles 1, 3, 4 and 9. We found that NMJs are
much longer and have a greater number of boutons as compared to
wild type (Table 2, Fig. 4D). This was signiﬁcant for all muscles
analyzed.
Taken together, both zfh1 loss and gain of function assays indicate
that Zfh1 is acting in a dosage-dependent manner in motoneurons
to developmentally regulate the growth of larval neuromuscular
junctions.
Discussion
FMRFa is the ﬁrst identiﬁed potential direct target of Zfh1 in neurons
The gene FMRFa encodes a prohormone which is cleaved to give
rise to several biologically active neuropeptides (Schneider and
Taghert, 1988). It is expressed in many cells of the Drosophila larval
brain and, very prominently, in a single cell within each thoracic
Fig. 6. Normalized distribution of generated clones. Given is the average number of each motoneuron found in one specimen (MNs/prep). Black: wild type, grey: zfh15. Columns
represent normalized frequency of clones innervating a given muscle. Muscles are grouped by nerve branches (for nomenclatures see Landgraf et al., 1997, 2003). On muscle 4 we
identiﬁed three different motoneuronal endings: by dorsal MN (4d), medial MN (4 m) or one bouton by unknownMN (4). Multi: motoneurons innervating several muscles at a time
(RP2, MNSNb/d-Is, Hoang and Chiba, 2001). Signiﬁcance tests were performed for neurons with pb0.05 (⁎), pb0.01 (⁎⁎), pb0.001 (⁎⁎⁎). Outgrowth of motoneurons of SNb and
maybe SNc is more affected by loss of zfh1 than outgrowth of most dorsal neurons (via ISN). In addition, the outgrowth of the multiple innervating neurons RP2 and MNSNb/d is
strongly zfh1 dependent. There are differences within a given nerve as well. Muscles 3 and 19 (ISN) have a similar dorsoventral position, but the number of obtained clones differs
(muscle 3, number of mutant clones as in wild type; muscle 19, number of mutant clones is signiﬁcantly reduced).
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innervate the neurohemal organs which lie dorsally on the midline of
these neuromeres. From these organs, the FMRFa peptides are thought
to be subsequently released into the hemolymph to modulate the
contraction strength at neuromuscular junctions (Hewes et al.,1998). It
has been shown earlier that the onset of FMRFa expression in the Tv
neuron is governed by the combination of the transcription factors
encoded by apterous, collier, dachshund, dimmed and eyes-absent
which act in concert with BMP signaling at the end of embryogenesis
(Allan et al., 2005, 2003; Baumgardt et al., 2007; Marques et al., 2003;
Miguel-Aliaga et al., 2004). However, only Collier and BMP signaling
are absolutely required for the onset of FMRFa expression, since weak
levels of FMRFa are found in null mutants in any of the other
transcriptional activators mentioned above (Baumgardt et al., 2007;
Miguel-Aliaga et al., 2004). Conversely, in cells which are sensitive to
BMP signaling, FMRFa can be ectopically induced by combined ex-
pression of apterous, dimmed and squeeze (Allan et al., 2005) or apter-
ous, dimmed and dachshund (Baumgardt et al., 2007; Miguel-Aliaga
et al., 2004). Here we show that lowered levels of Zfh1, as found in
zfh1865 hypomorphs, lead to a strong reduction of FMRFa expression in
late larvae. Surprisingly, neuronal overexpression of Zfh1 also repres-
ses the expression of this neuropeptide, in wild type as well as a
hypomorphic background where the overexpression is expected to be
less strong. An explanation would be that the similar loss of function
and overexpression phenotype is due to a dosage-dependent activa-
tion or repression of different target genes.
Unfortunately we were not able to analyze FMRFa expression in
zfh1 null mutant embryos, thus we do not know whether Zfh1 is also
necessary for the early onset of the expression of this gene, thereby
being a part of the above mentioned combinatorial code of transcrip-
tion factors. However, since zfh1 is expressed at various levels in most
Ap+ cells and inmanyother neurons (unpublished data), a requirementfor Zfh1 to ectopically activate FMRFa after ectopic expression of ap-
terous, dimmed and dachshund appears possible. In accordance with
this possibility Zfh1 alone was not able to ectopically induce FMRFa
expression, similar to what has been reported for each of the genes of
the combinatorial code (Allan et al., 2005;Miguel-Aliaga et al., 2004). If
Zfh1 is acting in concert with those factors remains to be elucidated. A
preliminary test for genetic interaction between zfh1 and Mad in this
context showed that reduction of Mad activity was able to partially
rescue the phenotype caused by Zfh1 reduction (data not shown).
However, this could also be due to differences in the genetic back-
ground because wishful-thinking did not genetically interact with zfh1
(data not shown).
With respect to later developmental stages it is not clear whether
any of the factors necessary for the onset of FMRFa expression is also
involved in the maintenance of its expression. For the transcription
factor Apterous it could be shown that it plays a fundamental role
during the early initiation of FMRFa but seems to be less important
during larval stages (Benveniste et al., 1998). In contrast to that, Zfh1 is
necessary for the maintenance of FMRFa expression because we could
often detect residual FMRFa within neurohemal organs although the
contacting Tv neuron has already lost this expression. We think that
this regulation occurs rather direct because we identiﬁed an
evolutionarily conserved putative Zfh1 homeodomain binding site
within the Tv neuron speciﬁc FMRFa-lacZ reporter construct PWFE17
(Benveniste and Taghert, 1999). Interestingly, exactly the same
binding site has been shown to be one of three sites which can bind
Apterous (binding site C, Benveniste et al., 1998) and which are
necessary for Ap-dependent regulation of FMRFa in the Tv neurons.
We now found that the regulatory region of the reporter construct is
also dependent on Zfh1 because it reacts similar to the endogenous
FMRFa gene upon altered levels of Zfh1. It is possible that binding
site C is in fact binding to Zfh1 and thereby necessary for the
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supported by the earlier ﬁnding that bymutating site C the early onset
of the reporter gene expression is normal but the expression is weaker
during larval stages (Benveniste et al., 1998). This is quite similar
to what we have found for the reporter gene expression in zfh1
hypomorphs.
The possibility that the transcriptional repressor Zfh1 acts
positively on FMRFa expression by binding with its homeodomain
suggests that in Drosophila there could be a correlation between the
mode of activity of Zfh1 and the binding domain used. So far different
groups have provided experimental evidence for both: Zfh1 proteins
have been shown to bind via the homeodomain to the sequence
GCTAATTG (Fortini et al.,1991; Su et al.,1999) but also by a two-handed
binding mode of the zinc ﬁnger clusters to E box sequences (CACCT,
Clark and Chiu, 2003; Ikeda and Kawakami, 1995; Remacle et al., 1999;
Verschueren et al.,1999). It is suspicious that in those caseswhere Zfh1
is thought to bind via its homeodomain it was found to act as an
activator (Su et al., 1999, this study), while DNA binding with zinc
ﬁngers seems to correlate with a repressor function (Postigo et al.,
1999). It is therefore tempting to speculate that the activating or re-
pressing effect of Drosophila Zfh1 could at least partially be governed
by the type of target sequence.
Loss of Zfh1 differentially affects axonal outgrowth of sets of
motoneurons during development
Earlier work on zfh1 indicated that it is expressed predominantly
in motoneurons (Lai et al., 1991) and necessary for proper axonal
outgrowth of these cells (Layden et al., 2006). However, zfh1 is also
expressed in developing embryonic muscles which makes it difﬁcult
to judge if a given phenotype is due to an autonomous requirement of
this genewithin the affectedmotoneurons. Here, we used theMARCM
technique to generate zfh1 null mutant motoneurons which enabled
the identiﬁcation of individual mutant neurons within motoneuronal
branches in an otherwise wild type environment. This allowed a cell
autonomous mutational analysis at a very high resolution. By
comparing the numbers of wild type and mutant motoneurons
normalized to the number of larval preparations, we found that zfh1
mutant motoneurons of the SNb and SNc are found at much lower
frequency than those of the ISN (Fig. 6). This is not due tomistargeting
of motoneurons towards other muscles as we did not observemultiple
muscle innervations different from wild type. Instead the most likely
explanation is that these motoneurons cannot extend their axons into
the periphery and therefore are not detected in our analysis. This
would be consistent with already published data from Layden et al.,
(2006) who provided evidence that motoneurons projecting through
the SNb and SNc are selectively affected by loss of Zfh1 function. By
our analysis we can additionally show that there are different
requirements for Zfh1 even between motoneurons projecting within
the same nerve. For example, muscles 3 and 19 have a similar
dorsoventral position and both are innervated via the ISN. On muscle
3, we ﬁnd equal numbers of clones, whereas for muscle 19 the number
of mutant clones is much smaller. Muscle 3 is innervated by one U
neuron derived from the early S1 neuroblast 7-1, whereas the
motoneuron innervating muscle 19 is a progeny of the late S1
neuroblast 3-2 (Doe, 1992; Landgraf et al., 1997). Such a differential
requirement does not seem to be reﬂected by the different strength of
Zfh1 expression. VUMmotoneurons express highest levels of Zfh1 but
we did not ﬁnd a reduction in the frequency of labeled VUM
motoneurons or any morphological changes on light microscopic
level after removing Zfh1 function in these neurons.
Taken together, our results support and extend earlier ﬁndings that
Zfh1 is needed for certain motoneurons to be able to exit the CNS
(Layden et al., 2006) andwe could furthermore show that this function
seems to be more important for ventrally than for dorsally projecting
neurons. However, our data also reveal that somemotoneurons are stillable to exit the CNS and can innervate the correct target muscles even
in the absence of Zfh1.
A role for Zfh1 in regulating growth of larval neuromuscular junctions
During larval growth a synaptic homeostasis between a given
motoneuron and the innervated muscle is thought to be regulated by
cell–cell-signaling at the synapse, retrograde signaling towards the
neuron's cell body and proper neuronal response (Sanyal et al., 2004).
The molecular architecture of the Drosophila NMJ is well studied (for
review, see Prokop, 2006), however there are only a few transcription
factors described to be involved in these processes. Since we found
zfh1 to be continuously expressed in motoneurons we tested its
capability to regulate NMJ growth during larval stages. Our experi-
ments revealed that reduced levels of Zfh1 limit the ability of NMJs to
grow as they are signiﬁcantly smaller and have fewer boutons.
Likewise, motoneuronal overexpression of Zfh1 leads to an increase
in NMJ size with signiﬁcantly more boutons than in wild type. To our
knowledge, the only other transcription factors showing such effects
are D-Jun, D-Fos, CREB and phosphorylated Mad. D-Jun and D-Fos act
either as a heterodimeric immediate-early transcription factor called
AP-1 (D-Jun+ D-Fos, Sanyal et al., 2002) or D-Fos acts as a homo- or
heterodimer independent of D-Jun (Collins et al., 2006). Their activity
is regulated by JNKMAP kinase and this modulates synapse number in
a Fasciclin2-dependent, and synaptic strength in a CREB-dependent
manner (Davis et al., 1996). In addition, BMP signalingmediated by the
type-II receptor wishful-thinking (wit) is required for synaptic growth
(Aberle et al., 2002; Marques et al., 2002) and promotes the formation
of a transcriptionally active Mad–Medea heterodimer (Raftery and
Sutherland, 1999). As we could not evaluate synaptic strength in zfh1
mutants, we currently do not know if and how zfh1might contribute to
these different pathways. Our loss and gain of function experiments
indicate that Zfh1 might act synergistically in at least one of these
pathways and there are observations which support a connection es-
pecially between zfh1 and BMP signaling. Neuronswhich showhighest
levels of phospho-Mad in the embryo show Zfh1 immunoreactivity
(Layden et al., 2006) as well as nuclear localized Medea (our
unpublished observations). Among these cells are Tv neurons and all
motoneurons. Additionally, both Zfh1 activity and BMP signaling are
involved in the regulation of FMRFa expression (Allan et al., 2003;
Marques et al., 2003). Because vertebrate homologues of Zfh1, δEF-1
and SIP-1, have been shown to be able to bind to SMAD proteins
(Nishimura et al., 2006; Postigo et al., 2003) one might speculate
whether Zfh1 has this capacity as well. Therefore we tested if zfh1 and
members of the BMP signaling pathway genetically interact. This does
not seem to be the case: the size of larval NMJs of Mad, zfh1 transhe-
terozygotes were not different from wild type or either of the single
mutant alleles (data not shown). This raises the alternative possibility
that zfh1 could act via another pathway in this context, e.g.wingless or
JNK. Recent ﬁndings on the role of zfh1 homologue SIP-1 duringmouse
hippocampus formation hint toward such an interaction (Miquela-
jauregui et al., 2007).
To understand the role of Zfh1 in NMJ growth regulation it would be
important to know its targets in this context. There are several tech-
niques which allow the identiﬁcation of target genes of a transcription
factor, e.g. DamID (Choksi et al., 2006), ChIP-on-chip (Negre et al., 2006)
or Whole-genome Tiling Arrays (Biemar et al., 2006). For even-skipped
which is involved in axon targeting and late differentiation processes of
motoneurons, DamID identiﬁed genes encoding components of neuro-
nal electrical properties (Pym et al., 2006). A similar approach for Zfh1
could be very promising, especially because one could correlate such
data with the list of known genes necessary for motoneuronal
development (Prokop and Meinertzhagen, 2006). The identiﬁcation of
such target genes should then allow us to examine how Zfh1 is involved
in the integration of developmental signals to regulate the morphology
and function of individual motoneurons.
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